Abstract: This paper presents a detailed theoretical exergy analysis of single stage vapour compression refrigeration system using refrigerants R-410A, R-407C, R-600A, R-290, R-32, R-134A, HFO-1234yf, HFO-1234ze. For exergy analysis a mathematical computational model is developed in engineering equation solver (EES) for calculating coefficient of performance (COP), exergetic efficiency, exergy destruction ratio (EDR) and the effect of evaporator temp, effectiveness of liquid vapour heat exchanger on COP, EDR, and exergetic efficiency is presented. Among the refrigerants taken HFO-1234yf and HFO-1234ze shows the promising results because of ultra low global warming potential (GWP) and zero ozone depletion potential (ODP).
Introduction
Refrigeration is a science which is used to produce low temperature or ultra low temperature (depending on the application) as compared to the surrounding by absorbing heat at a low temperature and rejecting it at a higher temperature working on a cycle. Refrigeration and air conditioning performs different functions, former one controls only one thing i.e. temperature while the latter one controls velocity of air, purity of air, humidity along with temperature. In 1974, large scale use of CFC, HCFC in mobile air conditioning and stationary refrigeration application depleted the ozone layer in stratosphere thus created a hole over the antartic region. This incident triggered an alarming issue on reducing or phasing out of CFC and HCFC substances that depletes the ozone layer due to environmental effect, hence Montreal protocol came into effect in 1987 [5] .
The next problem arises due to GWP, so Kyoto protocol (1997) proposed the use of refrigerants having ultra low GWP and zero ODP [6] . Globally a program being pursued for phasing out the refrigerants having high chlorine content, high global warming potential and ozone depletion potential for the sake of environmental problems. Alternative to CFC and HCFCs are other substances such as azeotropic mixtures refrigerants with their zero ODP have been extensively used in many refrigeration applications (domestic or industrial). A new series called "hydrofluoroolefins" is currently in the development range because of favourable environment properties, ultra low GWP and zero ODP. HFO-1234ze (trans-1, 3, 3, 3-tetrafluoroprop-1-ene) and HFO-1234yf (2, 3, 3, 3 -Tetrafluoropropene) have ultra low Global Warming Potential (GWP) of 6 and 4 respectively and zero Ozone Depletion Potential (ODP). In-fact General motors (USA) started using HFO-1234yf in all of its brands from 2013.
It has been clear from table 1, R-600a and R-290a also known as methylpropane or isobutane and isopropane respectively, have zero ODP and very low GWP (having a value of 3.3 times the GWP of carbon dioxide) and can serve as a functional replacement of R-12, R-22, R-134a, and other CFC and HFC refrigerants in conventional stationary refrigeration and air conditioning system, however flammability issue is still associated with these refrigerants. R-32 (difluoromethane) has a 100year GWP of 675 times that of CO 2 , though slightly flammable.
From 2011, European parliament has published a directive that will phase out refrigerants with a global warming potential (GWP) exceeding 150 in automotive air conditioning (GWP = 100 year warming potential of one kilogram of a gas relative to one kilogram of CO 2 ). Out of the eight selected refrigerants taken only four refrigerants namely HFO-1234yf, HFO-1234ze, R-600a and R-290 satisfy the above condition. But flammability issue is associated with R-600a and R-290, hence hydrofluoroolefins served as the next generation refrigerants in the MAC (mobile air conditioning) and stationary refrigeration application [13] .
Jyoti soni et al. (2013) performed theoretical exergy analysis of vapour compression refrigeration cycle using R-404A, R-407C and R-410A. Firstly she found that COP and exergetic efficiency of R-407C are better than that of R-404A and R-410A. Also EDR of R-410A is higher than that of R-407C and R-404A. Secondly with increase in effectiveness of liquid vapour heat exchanger COP and exergetic efficiency decreases while EDR increases. The total COP of R-407C, R-410A, R404A decreases by 17.39%, 22.82%, 20.91% respectively and exergetic From a first law standpoint, the COP of R717 always performs better than R404A and R290 unless only the evaporator is being fouled. From a second law standpoint, the second law efficiency of R717 performs the best in all cases. Volumetric efficiency of R410A and R717 remained highest under all the respective conditions. Furthermore, performance degradation of evaporator has larger effect on compressor power consumption while the performance degradation of condenser has larger effect on COP of the vapour compression cycle [12] . Leck et al. (2010) have reported the results of an atmospheric modeling study in which he found that replacing HFC-134a in vehicle air conditioning units with HFO-1234yf would have little, or no impact on tropospheric ozone levels (impact was less than 0.01% of total ozone formed during the simulations) [3] . 
Cycle Description and Model
Vapour compression cycle is highly irreversible cycle due to throttling process involved and operate on high grade energy i.e. work. Vapour Compression system consist of the following process: 
Exergy Analysis
A mathematical computational model is developed for performing exergy analysis of the system using EES software [2] .
For Exergy analyses following assumptions are made: From first law of thermodynamics, COP represents running cost of the system higher the COP, lower is the running cost of the system. COP is defined as the ratio of refrigerating effect to the work input required. COP is the measure of effectiveness and performance of the cycle and is given as,
Q e = Rate of heat transfer in evaporator (kW) W comp = Rate of work input to compressor (KW)
From second law of thermodynamic exergy analysis is useful for improving the efficiency of energy resources use, since it quantifies the locations, types and magnitude of losses. Exergy analysis is a powerful tool in the design, optimization, and performance evaluation of energy system. It is defined as the maximum work obtainable in a process as the system comes in equilibrium with the surrounding.
First law is the law of conservation of energy or quantitative law while second law is the law of degradation of energy or qualitative law [1] .
Exergy balance for a control volume undergoing steady state process is expressed as
where, 
], represents thermal exergy flow rate, which gives exergy transfer rate corresponding to the heat transfer rate Q when the temperature at the control surface where heat transfer is occurring is T and the exergy associated with work transfer to and from the control region (KW), if the Kth component is condenser then thermal exergy flow rate is zero because the temp difference between the system boundary and the immediate surrounding is zero.
e = Specific Exergy (kj/kg) h = specific enthalpy (kj/kg) s = specific entropy (kj/kg) EḊ = Rate of exergy destruction in the component (kW) Ẇ = Work rate of the system (kW) . r = mass flow rate of refrigerant (kg/s) T r = Temperature of space to be cooled (K)
Exergy Destruction (ED) in the system components
 Compressor,
 Liquid vapour heat exchanger,
 Throttle Valve,
Exergetic Efficiency (ɳ EE)
Exergetic efficiency is defined as the ratio of minimum exergy required to do a given task to the actual exergy consumed.
ɳ EE = minimum exergy required to do a given task actual exergy consumed
Exergetic efficiency is also given by, 
Total Exergy destruction
Total exergy destruction in the system is the sum of the exergy destruction in different components of the system and is given by:
EḊ total = EḊ E + EḊ comp + EḊ c + EḊ lvhe + EḊ tv (10)
Exergy destruction ratio (EDR)
EDR is defined as the ratio of total exergy destruction in the system to minimum exergy required in doing a given task and is given by, Figure 4 , depicts clearly the variation of COP with evaporator temperature and following things can be concluded, as we increase the temperature , pressure ratio decreases, which directly reduces the compressor work and finally increases the refrigerating capacity hence leading to an increase in COP of system. It is seen from the calculation that the highest COP is seen in case of R600a, followed by HFO-1234ze, R-134a, R-290, HFO1234yf, R-32, R-410a, R-407c. The COP of R-600a, HFO1234ze, R-134a, R-290, HFO-1234yf, R-32, R-410a is 16.33%, 13.87%, 13.25%, 10.47%, 7.58%, 5.71%, 1.39% is higher than R-407c respectively at evaporator temp of 278k. ) | decreases since T r approaches to T o and second factor is compressor work which reduces with the increment in the evaporator temperature i.e. the combined effect of Q e and Ẇ comp is to increase the η exergetic till it reaches the maximum value and the evaporator temp at this efficiency is optimum evaporator temperature, beyond which the combined effect is to decrease the η exergetic. η exergetic of R-600a, R-32, R134a, is almost equal and is 14.28%, higher then HFO1234yf at lower end of evaporator temp i.e. 233K. Also η exergetic of R-290, HFO-1234ze, R-410a is12.13%, 9.40%, 7.2% higher then HFO-1234yf at lower end of evaporator temperature. η exergetic of R-407c and HFO-1234yf is almost equal. Figure 5 , also represents the variation of EDR with evaporator temperature and it is opposite to η exergetic . From the calculation it has been observed that EDR of HFO1234yf is highest, since EDR is reverse of η exergetic , hence reverse is true. , depicts that Exergy destruction or irreversibility in condenser is highest in case of R-32, and then it decreases in the following manner for other refrigerants, R-290, R-600a, R-410a, R-407c, R-134a, HFO-1234ze, HFO-1234yf. Irreversibility is decreases as the evaporator temperature increase. Refrigerant HFO-1234yf shows the least irreversibility. 
Results and Discussion
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Exergetic efficiency HFO-1234yf HFO-1234yf  HFO-1234ze HFO-1234ze   HFO-1234yf HFO-1234yf  HFO-1234ze HFO-1234ze   233  238  243  248  253  258  263  268  273 Licensed Under Creative Commons Attribution CC BY Figure 9 , depicts that Irreversibility or lost work in LVHE is highest for R-290, and decreases in the following manner, R-600a, R-32, R-410a, HFO-1234ze, R-134a. Also exergy destruction is least for refrigerant R-407c at lower end of evaporator temperature and it is least for HFO-1234yf at higher end of evaporator temperature. Figure 10 , depicts that Irreversibility or lost work in throttling valve is highest for R-290, and decreases in the following manner, R-290, R-600a, R-32, R-410a, R-134a, HFO-1234ze. Also exergy destruction is least for refrigerant HFO-1234yf at lower end of evaporator temperature and it is least for R-407c at higher end of evaporator temperature. Figure 13 , depicts that as the evaporator temperature increases refrigerating effect increases due to subcooling and superheating in the LVHE and hence compressor work decreases, finally COP of the system increases.
Compressor work is highest in case of R-290 at higher evaporator temp and for R-32 at lower evaporator temp.
Compressor is least in case of HFO-1234yf and HFO1234ze, reverse is true for refrigerating effect. 
Conclusions
In the exergy analysis of eight eco-friendly refrigerant in a vapour compression cycle incorporated with a liquid vapour heat exchanger, following conclusion can be made which are summarized below.
1. COP and η exergetic of: a) R-600a is highest closely followed by HFO-1234ze.
b) HFO-1234yf and R-407c are least at lower evaporator temp and at higher evaporator temp respectively.
c) The COP of R-600a, HFO-1234ze, R-134a, R-290, HFO-1234yf, R-32, R-410a is 16.33%, 13.87%, 13.25%, 10.47%, 7.58%, 5.71%, 1.39% is higher than R-407c respectively at evaporator temp of 278k.
2. From the exergy destruction viewpoint or irreversibility, the worst component is condenser, followed by throttle valve, evaporator, compressor and lvhe is the most efficient one. HFO-1234yf is the most efficient refrigerant, since it shows least irreversibility or exergy destruction in the entire component.
3. Refrigerating effect is least in case of HFO-1234yf and highest in case of R-290. Reverse is true for compressor work.
4. COP of R-410a, R-407c, R-600a, R-290, R-32, R-134a, HFO-1234yf, HFO-1234ze decreased by 20.09%, 16.47%, 15.25%, 17.27%, 18.7%, 16.81%, 17.93%, 16.28% respectively when effectiveness of lvhe is increased from 0 to 1.
From above discussion it is clear that HFO-1234yf shows eco-friendly characteristic i.e. least irreversibility in all the component and moderate COP & η exergetic . Similarly HFO1234ze shows promising result. Although R-600a has highest COP, ultra low GWP, zero ODP, however exergy destruction is found to be more for R-600 and R-290, R-32. Although flammability issue is associated with these refrigerants. Hence hydrofluoroolefins are the next generation refrigerants.
